A Coastal Risk Assessment Framework (CRAF) provides two levels of coastal risk and vulnerability assessment, by combining information on the spatially variable hazard and exposure. In Phase 1, areas of greatest risk or 'hotspots' are identified. In Phase 2, these hotspots are then analysed in greater detail to iden- comparison of hotspots using these techniques allows areas at greatest risk to be identified, of vital importance for coastal management and resource allocation.
Introduction
On bathymetrically and topographically complex barrier island coastlines, records of storm surge impacts often show considerable local variability at the populated coast (Spencer et al., 2015) . This variability can determine local patterns of flood impacts on the linearly-dispersed rural and small urban (popula-5 tion < 5, 000) settlements characteristic of back-barrier locations. For regional authorities faced with inadequate and reducing budgets, identifying the sites of greatest vulnerability to coastal flooding allows scarce resources for disaster risk reduction to be most effectively deployed. Applying complex modelling approaches along a regional coast may not be resource efficient, necessitating an 10 initial assessment process. In the complex coastal domain this initial assessment must take into account spatial variability in topography, hydrodynamic forcing and exposure.
A common approach to coastal vulnerability assessment is through a coastal vulnerability index. On a very large scale the coastline can be categorised and 15 a vulnerability index created based on the sensitivity of sections of the coast to hazards (Abuodha and Woodroffe, 2006) . The sensitivity of the coast can also be combined with politico-administrative and socio-economic indicators to relate hazard susceptibility to exposure and resilience (Balica et al., 2012) . McLaughlin and Cooper (2010) highlighted the importance of scale in choosing 20 the relevant variables to include in coastal vulnerability indicators. To aid decision making and coastal management, these variables can be weighted based on importance by stakeholders Torresan et al. (2012) . Analysis of historic hydrodynamic conditions and storm impacts can be used with simple empirical formulae to assess the probability of event occurrence and hazards can then be related 25 to risk through vulnerability thresholds (Armaroli et al., 2012) . Torresan et al. (2008) noted the importance of inclusion of environmental variables to more accurately predict coastal susceptibility, such variables include geomorphology, wetlands and vegetation cover.
To improve upon existing coastal risk assessment methods, we combine some 30 of the above approaches of coastal vulnerability assessment. The Coastal Risk Assessment Framework (CRAF) provides a standardized assessment of coastal risk at 2 levels of scale and model complexity. In CRAF Phase 1 a coastal index approach is used, which provides an initial screening process applied on a regional scale. We demonstrate how the spatial variability of coastal hazards 35 can be calculated using historical hydrodynamic conditions and simple empirical formulae (Holman, 1986; Stockdon et al., 2006; Pullen et al., 2007; Donnelly, 2008) . We also present new techniques of incorporating the natural coastal defence of intertidal wetlands in the calculation of hazards. The hazards are combined with spatial variable exposure components in a coastal vulnerability 40 indicator to identify coastal hotspots of risk (Viavattene et al., 2015) . In CRAF Phase 2, these hotspots are then compared on a smaller scale in more detail. A chain of coastal inundation and impact assessment models are used to determine both direct and indirect impacts. The vulnerability indicators are weighted by expert judgement to complete a Multi Criteria Analysis (MCA).
Study Site
The 45 km long North Norfolk coast (Figure 1 ) is macro-tidal (mean spring tidal range of 6.6 m in the west at Hunstanton, reducing eastwards to 4.7 m at Cromer) but characterised by a moderate to low wave climate (monthly 55 mean significant wave heights (2006 -2009) : 0.36 and 0.80 m at Scolt Head Island (5 m water depth), and Cley (7 m) respectively (Environment Agency, 2014)). The wave climate recorded at these nearshore wave buoys is largely uni-directional, with a dominant wave direction of North -North East, and unimodal. The nearshore wave peak periods show a dominance of locally generated 60 wind waves (3-5 s peak period). Swell waves occur occasionally during stormier periods caused by low pressure to the North. The combination of high tidal range and low offshore slopes has allowed the development of extensive subtidal and intertidal mudflats, sandflats seaward of large gravel barriers (Scolt Head Island, Blakeney Point), back-barrier mudflats, tidal channels and saltmarshes.
Landward margins are characterised by reclaimed saltmarsh (freshwater marsh) and, locally, by reedbeds and sand dunes (some with plantation forest). Within the case study site there are 2 towns and 14 villages, some with small harbours and quays. Whilst predominantly agricultural, the coast is an important area for nature conservation, with walking and birdwatching activities bringing tourism 70 to the coast year round.
The southern North Sea is susceptible to storm surges which can elevate peak water levels over 1 m above the predicted tidal levels; there have been 21 such events, of varying severity, since 1883 (Brooks et al., 2016) . Landscape impacts of major surges are: landward washover of beach and dune sands onto 
Identification of Coastal Risk Hotspots
Initially the risk hotspots from extreme events over the entire 45 km frontage were identified in a regional assessment. Risk is defined as the probability of a hazard, its extent, and its consequences. A probabilistic response approach was used, in which the probability of occurrence of the hazards was determined.
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We show below how the hazard extent was calculated by empirical formulae, based on the potential type of hazard experienced (Holman, 1986; Stockdon et al., 2006; Pullen et al., 2007; Donnelly, 2008) . A coastal exposure indicator was used to calculate the relative risks experienced by different flooded areas; this was based on hazard severity, land use, population and social vulnerability, 95 transport systems, utilities and business settings (Viavattene et al., 2015) .
The assessment framework required the region to be divided into representative sectors, to capture the spatial variability in the bathymetry/topography and extreme event forcing. A total of 45, 1-2 km wide sections ( Figure 1) were generated, based on topographical features, location of towns, and type 100 of ecosystem. For each section, a representative shore-normal transect was selected. On the UK east coast, the Environment Agency (EA) has undertaken long-term monitoring of coastline change through bi-annual shore-normal transect surveys, at an alongshore spacing of 1 km, since 1992. Where possible, the EA transects were chosen for this analysis.
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Bathymetry data was drawn largely from the UK Hydrographic Office (UKHO) MEDIN bathymetry dataset, at resolutions ranging from 1 to 200 m. Near to the coast, 1 m resolution DTM LIDAR data (obtained from the EA) from January and February 2014 was used, with gaps in this data being filled with the 1 km EA shore-normal profile data described above. Further inland, topograph-110 ical data was taken from 5 m resolution UK Ordnance Survey data (EDINA Digimap Ordnance Survey Service 1 ). At the study site there is a datum shift between the bathymetry Chart Datum (CD) and the topographic Ordnance Datum Newlyn (ODN); this shift varies across the study site. In order to join the bathymetry and topography data together, the UKHO Vertical Offshore
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Reference Frame (VORF) surface (Lessnoff, 2008) was used.
Regional Hazards
The extent of the flooding was calculated with a probabilistic response method based on the type of hazard (wave runup, wave overwash, overtopping) experienced at each sector. A scale of storm hazard was used to deter-120 mine the type of hazard experienced at each transect, relating the water level reached to the height of the first line of defence, i.e the crest of earthen embankment/seawall/dune. The scale of storm hazards was modified from Sallenger Jr (2000) , the modification is necessary as we were interested in the inundation over the intertidal zone (i.e. saltmarsh) which can occur when the first line 125 of defence, often an earthen embankment, seawall or dune, is not exceeded.
We therefore distinguished inundation landward of the first line of defence as terrestrial inundation. The modified impact classification regime is shown in (Steers et al., 1979; Haigh et al., 2015; Spencer et al., 2015) . Continental Shelf tidal surge model (Flather, 2000) at the closest grid point to
Cromer (19 km distance) was used to fill in some of the gaps during large storm surge events. Hindcast data was obtained for four weeks surrounding the largest storm surges for which data was available (12/12/1990, 20/02/1993, 10/01/1995, 19/02/1996, 14/12/2003, 31/10/2006, 17/03/2007, 08/11/2007 and 05/12/2013 160 storm surges (Brooks et al., 2016) ). As the model data point is offshore in deeper water than the tide gauge, an empirical transformation function was determined between the modelled hindcast water level and the tide gauge water level. For the time periods where there is concurrent modelled and tide gauge data, the extreme sea levels were selected. Extreme values were defined as the water levels 165 above the 95th percentile, occurring at least 3.5 days apart in order to separate individual storms. Haigh et al. (2015) found that the effect of storms which give rise to high water levels around the UK coastline typically last 3.5 days. The regression analysis found a good fit between the tide gauge and modelled data of 45 transects), the wave transformation over the vegetation was determined using a 1D SWAN model. SWAN is a third generation spectral wave model for computation of waves in shallow water (Booij et al., 1996) . The 1D SWAN transects were set up with a 10 m resolution using the transect bathymetry and the location of the saltmarsh along the transect. The resolution allowed the 195 variations in marsh topography to be represented in the grid. Wave dissipation was calculated along the transect from 5 m water depth to the landward limit of the saltmarsh using a modified SWAN vegetation module which better represents the dissipation due to vegetation under storm conditions (Roelvink et al., 2015) .
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To reduce the number of model runs, a set of representative wave data was created for each saltmarsh covered transect. The relationship between the The relative wave height was calculated and sorted and 8 percentiles were chosen based on the full range of data for each water level. The 8 wave con-215 ditions for each of the 3 water levels were then run through the SWAN model using stationary wave parameters and water depth, and the wave height reduction calculated. The relationship between the relative wave height and the wave height reduction was calculated using an ordinary-least squares regression for each transect (an example relationship for Transect 18 is presented in Figure 4 , 220 length of the saltmarsh for Transect 18 is 375 m). This wave height reduction formula was then applied to the full wave record for all the subsequent calculations. 
Hazard Calculation
The probability of occurrence of the hazards was determined using a response 225 approach. The hazard magnitude was calculated from the the full wave and tidal record and the probabilistic distribution of the hazard was used to produce a 1 in 115 year return period event. The calculations resulted in hazard extents and an index of hazard severity for each section.
Wave Runup
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Wave runup was calculated for each of the 45 transects along the case study site. The transects were classified into those with a natural beach slope (31 transects) and those with a man-made artificial frontage (14 transects). For the natural beach slope transects, the wave runup was calculated over the full wave records according to Stockdon et al. (2006) and Holman (1986) .
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Runup in Stockdon et al. (2006) is predicted as:
under dissipative conditions (ζ < 0.3):
where H s is the significant wave height, Lo is the wave length, tan β is the beach face slope defined as the beach slope where the predicted water level intersects the beach, and ζ is the Iribarren number, defined as:
Runup in Holman (1986) is predicted as:
The runup calculated from each method was added to the water level at each transect and then compared with high resolution (three dimensional coordinate quality < 50 millimetres and typically < 20 millimetres) Real Time Kinetic For the artificial beach transects, the wave runup was calculated using the EurOtop method (Pullen et al., 2007) . For each transect, the surface roughness at the beach slope was estimated on the basis of the flood defence material 245 characteristics.
The wave runup for the 115 year return period used the same probabilistic method as had been used to calculate the extreme water level values: a peak over threshold analysis was used to select the extreme values; the extreme wave runup threshold was taken as the 99.5th percentile; and extremes were only detected 250 if separated by a minimum of 3.5 days. This analysis generated 155 extreme events at an average of 4.4 events per year. The extreme values were fitted with a generalized pareto distribution and the return period was determined.
For transects and storms within the swash regime the total water level (tide+surge+wave runup) was calculated and a contour at the total water level 255 used to demarcate the hazard extent for each sector.
Wave Overwash
For transects and storms within the overwash or terrestrial inundation regime (where the water level exceeded the first line of defence) the wave overwash depth (h c ) was calculated using the method of Donnelly (2008) .
where h 0 is the depth at the still water line during maximum runup, x C is the difference between the still water level and the maximum beach height, x R is the horizontal projection of maximum runup from the still water level. The term h0 x R can be substituted by a constant value based on empirical data by Schüttrumpf and Oumeraci (2005) :
The coefficient x C was measured directly from the transect bathymetry, the coefficient x R was calculated as wave runup divided by the beach slope. To account for volume of water lost due to infiltration the evolution of h c was calculated as:
where a is the proportionality constant for infiltration (a = 0.01 for an impermeable bed, else a = 0.12), u c is the flow velocity at the highest point of the beach:
where C u is the bore front coefficient (C u = 1.53 for a sandy beach (Donnelly, 2008) , C u = 2 for a man-made frontage (analytical dam break solution), and C u = 2.6 for a gravel barrier (Matias et al., 2014) ).
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The hazard extent was determined as the maximum distance at which the overwash depth was greater than 0.01 m.
Regional hotspots of risk
A coastal index for flooding, resulting from variations in the severity of the hazard experienced and a range of vulnerability measures, was developed by Viavattene et al. (2015) . It was used to compare the different sectors along the North Norfolk coast and identify risk hotspots:
where i h is the hazard index and i exp is the overall exposure indicator defined as:
where i LU is the exposure indicator for land use, i P OP is the indicator for population and social vulnerability, i T S is the indicator for transport systems, 265 i U T is the indicator for utilities, and i BS is the indicator for business settings.
Flooding Hazard Index
In this research, the flooding hazard index was calculated in two ways, depending upon the flooding regime present. For transects in the swash regime, the hazard value was determined from the mean water depth over that part of 270 the transect above the mean high waterline. For transects in the overwash or terrestrial inundation regime, the hazard value was determined from the overwash depth immediately behind the coastal defence. The hazard index values were assigned to the water depths using Jenks Natural Breaks classification (Jenks, 1967) based on the range of results (Table 2) . The land use exposure indicator (i LU ) is determined by:
where n is number of land use classes, S is the normalised surface area, and V is the importance value.
The distribution of land use types within the North Norfolk case study site was obtained from Land Cover data from 2007, accessed through EDINA 280 Digimap 3 . Importance values were assigned to each land use class based on expert knowledge and perceived importance within the study area. The highest importance values were assigned to built-up areas (suburban, urban or industrial). Some natural habitats were assigned high values, such as fen marsh and swamp, as these attract the wild birds that bring many of the tourists to the 285 area, generating income and livelihoods.
Exposure Indicator: Population and Social Vulnerability
The population and social vulnerability exposure indicator (i P OP ) was calculated based on the Social Flood Vulnerability Index (SFVI) for census areas in
England (Tapsell et al., 2002) . The SFVI is a composite additive index based on four characteristics: financial deprivation (unemployment, overcrowding, noncar ownership and non-home ownership); age; household structure; and health.
Data for the four characteristics was transformed into percentages based on the total population of the census areas. The SF V I was calculated as:
where SF V I s is the SFVI indicator for long-term sick, SF V I p is the SFVI indicator for single parents, SF V I e is indicator for the elderly, SF V I u is the indicator for unemployment, SF V I o is the indicator for overcrowding of house-290 holds, SF V I c is the indicator for non-car ownership, and SF V I h is the indicator for non-home ownership.
SFVI was calculated for each census area and the values split into five categories, using the Jenks Natural Breaks classification method. The categories of SFVI were then assigned i P OP values in The transport systems indicator i T S was calculated based on the type and importance of the transport system flooded. The exposure indicator value categories are presented in Table 4 . The transport system within the case study site were limited to roads only, with the key road being the A149 from Kings The utilities indicator i U T was calculated based on the density and impor-305 tance of utility assets or networks (Table 5) The importance of commercial properties within the flood extents was checked by visual inspection and then used to calculate a Business Settings exposure index (i BS ). The index was determined using the ranking in Table 6 
Results and Hotspot Selection
Results of the CRAF Phase 1 assessment are presented in Figure 5 . The
Coastal Index values ranged between 1.00 and 3.57, with a mean value of 2.06. The hotspots are generally located in sectors with residential to urban elements. 
Comparison of Hotspots
Two hotspots were selected for further modelling and comparison in CRAF Phase 2, Brancaster/Brancaster Staithe/Burnham Deepdale and Wells-next-335 the-Sea. These two hotspots represented two of the three highest coastal indices generated by Phase 1 (CI =3.36 and 3.00 for Wells-next-the-Sea and Brancaster, respectively). Additionally they showed a variety of topographic/bathymetric features and receptor data in order to test the Phase 2 method. CRAF Phase 2 used more complex and higher resolution hazard and vulnerability modelling 340 methods than CRAF Phase 1. Hazards were calculated using 1D process based XBeach model transects , and a LISFLOOD-ACC inundation model (Bates et al., 2013) . XBeach is a coupled flow, wave and sediment transport model for simulation of nearshore processes. XBeach was particularly suited to this research as it was originally designed to study nearshore response 
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The hazards were initially assessed at the two hotspots locations. The hazard information generated was then used as input data for the INDRA model.
Finally, an MCA was used to compare the regional impact at the two hotspots.
Local Hazard Assessment
The hazards were calculated in Phase 2 using an event approach for the
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December 2013 storm surge (1 in 115 year return period based on tide+surge).
Hazard impacts at the two hotspots were assessed through the generation of multiple transects for each hotspot (41 transects at Brancaster (Figure 6a ), 58
transects at Wells (Figure 6b) ). Transects were selected based on the variation in topography of the first line of defence. The transects were perpendicular The inundation modelling produced maximum water level and maximum 405 depth-velocity product (maximum of the water depth × the depth-averaged velocity at each grid cell over the computation period) across the hotspots.
Additionally wave heights across the transect were extrapolated over the salt-marsh, and the duration of the flood event over freshwater grazing marsh was determined (assuming an infiltration rate of 7.5 mm/hr). 
Regional Impacts
The impacts of the two selected hotspots in a regional context was assessed with the INDRA model. The overall impact score is based on the aggregation of 8 impact indicators: risk to life; household displacement; household financial recovery; business supply chain disruption; business financial recovery; impacts 415 to ecosystems and agriculture; and disruption to transport networks (Viavattene et al., 2015) . In INDRA, impacts are both direct, in response to the exposure of a receptor, and indirect, occurring outside the flooded area and/or continuing after the food event.
Direct Impacts
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All residential and commercial properties were identified with the UK Environment Agency's National Receptor Dataset (NRD), a database of the type, size and location of land use which could be impacted by a hazard. For each of the property types, flood damage thresholds were determined using susceptibility curves obtained from Penning-Rowsell et al. (2016) . All residential properties
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were assigned an average set of thresholds. Individual thresholds were developed for shops, hotels, catering establishments, caravans, B&B establishments and holiday cottages. Building collapse thresholds, based on the depth-velocity product, were taken from Karvonen et al. (2000) .
The ecosystem considered to be important for this case study site are crops
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(in particular winter cereals, selected as most flood events occur during the winter months), freshwater grazing marsh and saltmarsh (Table 7) . The 2007
Land Cover data from EDINA Digimap was used to identify the location of these types of land cover. The areas were then resampled and converted to point data with a 15 m resolution.
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Risk to Life was measured using the method of Priest et al. (2007) , based on the depth-velocity product and the vulnerability of the receptor (Table 8) . Vulnerability of the area was defined based on the land use data from the NRD and scored on a scale of 1-3. Point data for each receptor is assigned at one of the three levels: low vulnerability applies to multi-storey apartments, masonry 440 concrete and brick properties; medium vulnerability applies to typical residential areas with mixed type of properties; and high vulnerability applies to mobile homes, camp sites, bungalows, and poorly constructed properties. The NRD does not supply information on property construction for residential properties, therefore they are assumed to be of mixed type with medium vulnerability. The 445 area vulnerability was calculated by aggregating and normalising the individual exposed receptors vulnerability score. The depth-velocity product was then used to determine the level of risk to life, from low to very high risk. 
Displacement and reinstatement time
An indirect impact on households and businesses was assessed through the due to the direct impacts considered was calculated (Table 9 ).
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Specific data on business recovery time in relation to flood depth is very limited. Using media reports and grey literature, reinstatement times for hotels, catering establishments and shops in North Norfolk were set at 182, 105 and 30 days for high, medium and low threshold events respectively. The equivalent reinstatement times for Bed & Breakfasts and holiday cottages were set at 465 225, 105 and 30 days. Static caravans were considered to be a total loss once infiltrated by floodwaters (Penning-Rowsell et al., 2013) ; it was assumed that it takes 4 months to replace these assets.
Financial Recovery
The financial recovery was assessed with a matrix relating thresholds of 470 direct impact on a property and the type of financial recovery mechanism(s) and waves from saltmarshes and reedbeds, onto road surfaces (Spencer et al., 2015) . If major storms are accompanied by high rainfall, and arable field cover 515 on the high ground to the south of the A149 is seasonally low, then 'muddy floods' (Boardman et al., 2003) can deposit layers of sands, silts and muds on roads and within coastal villages.
Business Disruption
The systemic impact of business disruption was also calculated through a 520 network analysis. The disruption to business was assessed through a business supply chain framework which characterises the supply and demand. Businesses and supply sources were mapped as nodes and the conveyance of goods/services mapped as a link. An overall business disruption indicator was calculated as the sum of the reduction in supply capacity of nodes weighted by their importance 525 to the local economy (Viavattene et al., 2015) . The regional supply chains were simplified to focus on the main industry.
Due to the importance of tourism to the Norfolk economy, the tourism industry was selected for the business supply chain analysis. Tourism is the largest economic sector in the county of Norfolk, valued at £2.96 billion in 2014, and ac- The weighting of the 8 impact indicators for the multi-criteria analysis are presented in Table 10 . The weightings were selected using three different approaches:
• Method A uses a neutral approach, where each category is given equal 550 weighting; and accommodation/catering facilities.
• Method B uses expert judgement where the importance of people, households and business are highlighted;
• Method C uses expert judgement where the importance of people and ecosystems are highlighted.
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The hazard scenario for the 115 year return period flood event was used as input to the INDRA model. The model was run with a model simulation duration of 105 days for all three approaches. The simulation duration covered the reinstatement time for businesses from a medium impact event, which was the highest threshold reached for businesses.
560
The scores for the impact indicator categories for hotspots are presented in In general, the analysis showed that business disruption and transport disruption from storm surge events impacting the North Norfolk coast is low, due to sufficient spare capacity within both these networks to absorb local shocks.
Risks to life, household displacement and household financial recovery are also business are seen as being of greatest importance then small towns are likely to demand the greatest resources. However, if ecosystem valuation is included in the analysis (which may be of significance to coastal economies with a high dependency on income from nature-based tourism) then non urban settings can obtain much greater significance.
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The CRAF tool has been shown to identify hotspots of risk through an initial screening followed by a comparison of the hotspots through a standardised assessment technique. The framework is resource efficient, using a hierarchical system which increases in both model complexity and spatial resolution for the smaller area hotspot comparison. It allowed focus on the key local economic 620 sectors, bringing together receptor vulnerability data from multiple sources to establish direct and indirect impacts. Furthermore, the staged analysis made the approach readily transferable to other coastal locations.
The transect approach used in both Phase 1 and 2 has the potential to lead to inaccurate hazard calculation as not all flow pathways are represented. In
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Phase 1, this was minimised by selecting sections based on similar topography and first lines of defence. In Phase 2 the tidal water level was input into the flood model to create a more realistic flow pattern, as such it was capable of replicating the complex coastal system. The study site is a relatively data rich coastline, which gives a high degree of confidence in the quality of the 630 data. However, in some cases proxy data needed to be used where data was not available. Further applications along shorelines with different levels of data availability would usefully establish the minimum data requirement for the risk analysis.
Wave attenuation over coastal salt marshes under storm surge conditions.
